I. INTRODUCTION
Pure sulfide CZTS thin film solar cells have been extensively studied in the last few years as an earth-abundant and environmentally-friendly alternative to well-established CIGS technologies [1] [2] [3] . The optimization of the interface between back contact and absorber is one of main challenges to improve the electrical behavior and further enhance solar cell device efficiency. In this work, we present a combination technique of temperature-light-dependent JV and TPV measurement to investigate the charge dynamics of devices using pure sulfide CZTS. A 10 nm-Si x N y thin film was introduced as a hole extraction blocking layer to help to identify the dominant recombination path.
III. EXPERIMENTAL SECTION
The CZTS layers were deposited on Mo back contacts by spin-coating of C-Z-T-S solution precursors and subsequently sulfurized in a rapid thermal processing (RTP, MTI Corporation) furnace at 560 °C for 20 mins. The solution preparation details are the same as those reported earlier. [4] The thickness of the CZTS absorbers was 1.2-1.3 μm. After coating CZTS layers, a ~70nm thick CdS layer was deposited by chemical bath deposition. Sputtered intrinsic ZnO (~50 nm) and ITO (~350 nm) served as a transparent conductive oxide. A Ni-Al metal grid was deposited using thermal evaporation to improve the conductivity of the device. A 10 nm-thick Si x N y layer was deposited through plasma enhanced chemical vapour deposition (PECVD).
UPS was performed alongside XPS in the Kratos Axis Supra, utilising the He(I) line with a pass energy of 10 eV, step size of 0.025 eV and a 65 ms dwell. A 110 µm aperture was utilised in order to prevent saturation of the detector. The secondary electron cut-off and valence band edges were estimated using the Step Up and Step Down edge backgrounds within CasaXPS. In each case the measured value is the intersection of the step with the background electron counts. The current-density-voltage (J-V) curves for the solar cell devices were measured under simulated AM 1.5G spectrum and 100 mW/cm 2 (1 sun) illumination. Transient photovoltage measurements were performed using a commercially available transient measurement system (Automatic Research GmbH). This system uses a 635 nm red laser diode driven by a waveform generator (Keysight 33500B). The laser pulse length was 100 ns. Background illumination was provided by a white LED with its intensity calibrated to generate the same device photocurrent as measured using the solar simulator. This intensity is referred to as 1 Sun equivalent. Transient responses were captured by a digital storage oscilloscope (Keysight DSOX2024A), the number of sample averages being adjusted to optimise signal noise and measurement time. The device under test is assumed to be held at open-circuit by the 1 MΩ oscilloscope input. TPV decays were fitted using a single exponential function. Temperature dependent J-V and TPV measurements were performed using a temperaturecontrolled chamber (Linkam) under liquid nitrogen cooling.
III. RESULTS AND DISCUSSION
A 30nm-Mo-capping/Si x N y /Mo/SLG stack was used to fabricate CZTS devices and compare against the reference CZTS device directly deposited onto Mo/SLG. Unfortunately, most devices with Mo/Si x N y back contact showed a significant reduction on open-circuit voltage and short-circuit current. The highest efficiency of 1.99% was achieved with Mo-30 nm/Si x N y barrier layer with significant reduction on the V oc and J sc along with some decrease in FF as compared to solar 
cells without barrier layers
To investigate differences in energetics after applying the Mo/Si x N y barrier layers, we employed ultraviolet photoelectron spectroscopy (UPS). Ionisation potentials (IP or valence band maximum of (6.8 ± 0.1) eV and (5.1 ± 0.1) eV were measured for Si x N y and CZTS films, respectively, as shown in Figure 1 . Mo thin films were found to have a work function of (4.7 ± 0.1) eV. A 2 eV greater barrier height was introduced by 30 nm-thick Mo/Si x N y layers compared to unmodified CZTS. This difference would form a blocking back contact at the interface between the Mo and CZTS, which can suppress the majority carrier (hole) transport.
To further investigate the deficiency of the performance of the CZTS device with a Mo/Si x N y barrier as compared with the CZTS device without this barrier, temperature dependent V oc data has been collected to determine the dominant recombination processes. The relationship between V oc and temperature is according to [6] and as shown below (1) where E a , A, J 00 , J L , q, k and T are the activation energy for dominant recombination mechanism, diode ideality factor, reverse saturation current prefactor, photocurrent, electron charge, Boltzmann constant and the temperature, respectively. The V oc vs T plots are shown in Figure 2A for the CZTS devices with and without Mo/Si x N y barrier layers, which yield 0 K intercept of the linear extrapolation of E a /q values of 1.01 and 1.09 eV, respectively. Those E a /q values are low compared to their respective band gap values (1.54 and 1.47eV) obtained from EQE measurement. This result indicates that the main recombination mechanism in these CZTS cells is dominated by interface recombination. [7] The more pronounced reduction on E a /q value of the CZTS cell with the Mo/Si x N y barrier layers could be due to increased interface recombination occurring at the back contact with improper band alignment ( Figure 1A) . The efficiency for both devices collapses at low temperature due to increasing series resistance and the possible charge carrier freeze-out effect at low temperature as agreed with other publications. [7, 8] In Figure 2B , the T-dependent diode ideality factors for both CZTS solar cells with and without Mo/Si x N y barrier layers were plotted. The diode ideality factors for the CZTS solar cell without the Mo/Si x N y barrier are between 1 and 2, and showing a marginal variation in the measured temperature range, which could be an indication of the deep defects acting as dominant trap states or so called Shockley-Read-Hall recombination via band tails. [9, 10] However, a significant increase of diode ideality factor (>2) was observed for CZTS solar cells with the Mo/Si x N y barrier at low temperatures. The origin of A>2 is not possible by considering a single recombination routes, involving a multistep recombination process via a series of trap states distributed within the solar cell device structure. [11] This would indicate strong back contact recombination which could lower V oc . [7, 11, 12] To understand how the charges transport behaviour at the CZTS/back contact interface differs between the device types, we conducted temperature-dependent TPV measurements. For TPV measurements, a light pulse is applied to a device held at open-circuit condition under a white-light bias (WLB), and the resulting photovoltage changes created by the laser pulse (ΔV) is measured over time. From this, we measured the decay time of the open-circuit voltage as a function of the intensity of WLB as shown in Figure 3A1 and 3B1. TPV decay measurement gives insight into the internal recombination dynamics of the charge carriers. The decay time represents the total extraction time of the charge carriers before they recombine or are trapped in the defects. [13] The longer decay time measured, the higher chance the photo-generated charge carriers can be extracted. The decay times of charge carriers for the CZTS solar cells with and without Mo/Si x N y barrier layers are estimated on the order of ~μs in the WLB range of 0.06 -1 suns. With increasing WLB, V oc of both CZTS devices increases. This could be caused by shallow defects were fulfilled with photo-excited carriers at higher excitation densities. [14] By increasing the WLB, there are more photogenerated minority charge carriers (electrons) in the CZTS absorber which could also increase the internal recombination with holes, reducing the extraction time. The variation on decay time of CZTS with Mo/Si x N y barrier layers using different light intensities is more significant than CZTS device without the Mo/Si x N y barrier layers. This would be a sign of stronger recombination caused by this modified back contact. To investigate the thermally activated charge transport, temperature dependent Figure 3A2 and 3b2 show the TPV decay for the CZTS solar cells with and without Mo/Si x N y barrier layers at different temperature under 1 sun WLB. The decay time of both CZTS devices increases with decreasing temperature. The longer extraction time could be due to reduced thermal energy to assist the charge carrier to jump spatially over fluctuated electrostatic potential [15] and travel across the CZTS device. A more pronounced reduction on ΔV and decay time for CZTS device with Mo/Si x N y barrier layers at different temperature as compared to the CZTS device without the barrier layers was obtained. To find out the combined effects of the intensity of WLB and temperature on TPV decay time, TPV decay time versus V oc at different conditions were shown in Figure 3A3 and 3B3. The data were recorded until almost lost V oc at lowest light levels of WLB. We could still obtain V oc at light intensity level less than 0.01 suns for CZTS solar cell device without Mo/Si x N y barrier layers. In other words, the increase interfacial recombination in the cell with Mo/SiN causes a significant decrease in V oc at low light intensities. The TPV signal decays 100 times faster after introducing the Mo/Si x N y barrier into device structure. These results indicate that the recombination within the CZTS device with Mo/Si x N y barrier layers may not only account for trapping and detrapping process [16] , and can thus be attributed to the increased interface recombination between accumulated holes near the high barrier layer and free electrons in CZTS. This is in good agreement with the hole blocking effect obtained from temperature dependent J-V measurement.
V. CONCLUSION
In conclusion, the interface recombination was determined as the dominate recombination path in the deposited CZTS solar cells using T-JV measurement. A Mo/Si x N y barrier layers were used as a hole extraction blocking layer to help to identify the dominant recombination path. Temperature dependent J-V and TPV showed the increased interface recombination and poor hole extraction due to misalignment of band edges between Mo/Si x N y /CZTS region.
